One of the most widely studied phenomena in the establishment of neuronal identity is the determination of neurosecretory phenotype, in which cell-type-specific combinatorial codes direct distinct neurotransmitter or neuropeptide selection. However, neuronal types from divergent lineages may adopt the same neurosecretory phenotype, and it is unclear whether different classes of neurons use different or similar components to regulate shared features of neuronal identity. We have addressed this question by analyzing how differentiation of the Drosophila larval leucokinergic system, which is comprised of only four types of neurons, is regulated by factors known to affect expression of the FMRFamide neuropeptide. We show that all leucokinergic cells express the transcription factor Squeeze (Sqz). However, based on the effect on LK expression of loss-and gain-of-function mutations, we can describe three types of Lk regulation. In the brain LHLK cells, both Sqz and Apterous (Ap) are required for LK expression, but surprisingly, high levels of either Sqz or Ap alone are sufficient to restore LK expression in these neurons. In the suboesophageal SELK cells, Sqz, but not Ap, is required for LK expression. In the abdominal ABLK neurons, inhibition of retrograde axonal transport reduces LK expression, and although sqz is dispensable for LK expression in these cells, it can induce ectopic leucokinergic ABLK-like cells when over-expressed. Thus, Sqz appears to be a regulatory factor for neuropeptidergic identity common to all leucokinergic cells, whose function in different cell types is regulated by cellspecific factors.
Introduction
The accurate performance of the mature CNS relies on the generation of a diversity of individual neuronal identities at specific times and locations during development. Work on species from worms to humans has demonstrated that this process involves multiple stages of regulatory gene activation and repression orchestrated by intrinsic and extrinsic mechanisms. In the postmitotic neuron, it is coordinated by the combined action of transcription factors, which defines a specific code conferring individual properties on a given neuronal type. Transcription factors with bHLH, LIM and Zinc Finger domains, among others, have been reported as acting cell autonomously to establish specific neuronal subpopulations (Edlund and Jessell, 1999; Lee and Pfaff, 2003) . In addition, neuronal identity is configured extrinsically by external signals mediated by cross-repressive mechanisms (Broihier and Skeath, 2002) or retrograde transport (Ernsberger and Rohrer, 1999; Koo and Pfaff, 2002) .
One of the most studied phenomena in the establishment of neuronal identity is the determination of neurosecretory phenotype. The initial analysis of the transcription regulatory elements present in the Drosophila Fmrf gene suggested that different regulatory mechanisms controlled expression of this neuropeptide in specific cell types (Schneider et al., 1993; Benveniste and Taghert, 1999) . Subsequently, several elegant studies demonstrated the convergence of intrinsic and extrinsic mechanisms in the control of the expression of the FMRFamide neuropeptide in the Tv neuron of Drosophila melanogaster (Allan et al., 2003 (Allan et al., , 2005 Marqués et al., 2003) . Expression of the FMRFamide gene in these cells requires the action of the LIM-HD transcription factor Apterous (Benveniste et al., 1998) in combination with the Zinc Finger transcription factor Squeeze (Allan et al., 2003) . Before neuropeptide expression, coexpression of both transcription factors enables Tv cells to respond to target-derived activation of the BMP pathway by the ligand Gbb (Allan et al., 2003; Marqués et al., 2003) . This leads to the transcriptional activation of the FMRFamide gene, a process that also requires the action of Apterous and Squeeze, as well as the bHLH transcription factor Dimmed (dimm) (Allan et al., 2003 (Allan et al., , 2005 Hewes et al., 2003) .
Much of the work in this field has been directed towards understanding how different combinatorial codes specify different differentiation programmes. Studies in flies and worms have revealed the complexity of the combinatorial relationships among transcriptional regulators. In a given cell, they can play both combinatorial and independent roles. Moreover, the apparently independent functions of these factors and their combinatorial relationships can differ between cell types, so that, rather than following a general rule, they appear to depend on the context of individual cell types. This is clearly exemplified by the Drosophila ap-lateral cell cluster, which is composed of four neurons in the ventral ganglion (Tv, Tva, Tvb, and Tvc) that express ap but are phenotypically distinct. In this cluster, two combinatorial codes regulate expression of two neurosecretory genes: ap, sqz, BMP signalling, and dimm control FMRFamide transcription in the Tv cell, while ap and dimm (but not sqz or the BMP pathway) regulate Furin 1 expression in the Tvb cell (Allan et al., 2003 (Allan et al., , 2005 . However, while dimm action on FMRFamide expression is mostly ap-dependent, ap and dimm also act synergistically to regulate Furin 1 transcription. Finally, ap acts independently to regulate axon pathfinding by all ap cells except for Tv cells. Similar examples of combinatorial codes that control terminal differentiation of single neuronal types and that show complex cell-type-specific hierarchical interactions have been described in C. elegans (Altun-Gultekin et al., 2001; Wightman et al., 2005; Zheng et al., 2005) and vertebrates (reviewed in Goridis and Rohrer, 2002; Howard, 2005) .
In establishing cell identity, it is also important to understand how a variety of neuronal types of different lineages share a common phenotypic trait, such as a neurotransmitter. This has been extensively studied in vertebrate noradrenergic neuronal populations (reviewed in Goridis and Rohrer, 2002; Howard, 2005) , in which a conserved network of interacting factors seems to direct the neurotransmitter phenotype in neurons of very different origin. However, in this case, cell-type-specific variations in this network are also apparent. A completely different picture emerges from studies of the serotonergic phenotype in invertebrates, whereby expression of serotonin in neurons derived from divergent lineages relies on different transcription factors, in both Drosophila (Thor and Thomas, 1997) and C. elegans (Sze et al., 2002; Zheng et al., 2005) . In vertebrates, hindbrain rostral and caudal serotonergic neurons have a similar origin, and share many components for their terminal differentiation, such as Pet1 and Lmx1b (reviewed in Cordes, 2005) . However, heterogeneity is also observed in this neuronal population, as reflected by the presence of a small percentage of central serotonin-expressing cells in Pet1 null mice, and the specific role of Gata3 only in the caudal serotonergic neurons.
We have previously shown that, besides regulating Fmrf transcription in the Tv cell (Benveniste et al., 1998) , ap also controls expression of the neuropeptide Leucokinin (LK) in the LHLK neuron (Herrero et al., 2003) . In both cases, ap regulates neuropeptide levels in a small subset of the neurons that express that neuropeptide, supporting the neuron-type-specific model for the specification of neuropeptidergic identity. Recently, Gauthier and Hewes (2006) have shown that Dimm contributes to the regulation of Leucokinin expression through both transcriptional and post-transcriptional mechanisms in a cell-type-specific fashion. We have taken advantage of the simplicity of the Drosophila larval leucokinergic neuronal system, which is characterized by only four types of LK-expressing cells (Herrero et al., 2003; this article) , to analyze how different factors affect expression of the common neuropeptide LK in neurons of different origin. We show that all LK cells express sqz. However, loss-and-gain-of-function experiments reveal that the different LK cell types have different sqz requirements, and that cell-specific factors such as Ap or an unidentified extrinsic retrograde signal, contribute to these differences.
Results

Squeeze is expressed in all Leucokinin expressing neurons
The neuropeptide Leucokinin (LK) was detected in the CNS of Drosophila melanogaster larvae (Fig. 1A) and adults in neuronal subsets distributed in the cerebrum and ventral ganglion (Herrero et al., 2003) . In third instar CNS, the LK pattern included one pair of prominent LK neurons in the brain, termed LHLK to reflect their location in the lateral horn in adults (Fig. 1A) . Two additional pairs of LK neurons were located in the suboesophageal ganglion (SELK neurons), and one pair of LK-immunopositive cells was found in each of the seven most anterior abdominal neuromeres of the ventral ganglion (ABLK neurons). A cluster of 2-4 weakly stained LK neurons was often observed in the anterior brain lobe (ALK neurons) (Fig. 1A) , but started to fade by the late third instar, and were absent from adults. Some variability was found in the number of SELK and ABLK neurons, but none was observed in the LHLK cells (Table 1) .
Studies in several organisms suggest that the neuropeptidergic identity of a given neuron is specified by a combinatorial code of transcription factors and signal transduction cascades (Jessell, 2000) . In Drosophila, FMRFamide expression in the Tv cells is controlled by the LIM-Homeodomain protein Apterous (Ap), the Zinc Finger transcription factor Squeeze (Sqz), and the Wit signalling pathway (Allan et al., 2003 (Allan et al., , 2005 , as well as by the transcription factors Dimm, Eya, and Dac (Hewes et al., 2003; MiguelAliaga et al., 2004; Allan et al., 2005) . We have previously shown (Herrero et al., 2003) that Ap is required postmitotically for normal LK expression in LHLK cells ( Fig. 1B and E; Table 1), the only LK-immunopositive neurons that express apterous (ap) ( Fig. 2A-B) . We examined whether LK expression in these cells was specified by additional factors similar to those specifying FMRFamide, and, specifically, whether squeeze (sqz) was involved in this process.
To determine whether the transcription factor Sqz plays a role in regulating LK expression, we performed colocalization studies using the sqz lacZ reporter and sqz GAL4 lines (Allan et al., 2003) to drive UAS: mCD8GFP expression. We found that all LK-positive neurons expressed sqz in larvae (see Fig. 2A -B and G for LHLK, SELK and ABLK cells; not shown for ALK). However, while sqz lacZ labelled all LK-positive neurons throughout development, expression of the sqz GAL4 driver in LHLK neurons gradually declined during the third instar, and was completely lost in wandering third instars (not shown). Consistent with our previous results about ap expression (Herrero et al., 2003) , triple-labelling experiments showed that the LHLK neuron is the only LK-positive neuron that coexpresses ap and sqz ( Fig. 2A) , while all other LK-positive neurons express sqz but not ap ( Fig. 2B and F ; not shown for ALK cells).
Leucokinin expression in LHLK and SELK neurons requires Squeeze
We next tested whether expression of LK was affected in sqz mutants. We analyzed LK-immunostaining in larval CNS of two sqz mutant alleles: sqz lacZ and sqz GAL4 (Perrimon et al., 1996; Allan et al., 2003) . Remarkably, sqz lacZ third instars featured an almost total loss of LK-immunostaining in the LHLK and SELK cells ( Fig. 1C and E ; Table 1), with a 94% and 99% reduction in the number of LHLK and SELK LK-positive neurons, respectively (n = 33). In contrast, the ALK and ABLK neurons had normal levels of LK-immunostaining in soma (Fig. 1C) .
The cell-type-specific reduction in LK expression in sqz lacZ mutants gradually increased during larval development. In first instar mutants, LK-immunostaining was lost in 51.7% and 41.7% of LHLK and SELK neurons, respectively, while this reduction increased to 86.3% and 94.8% in second instars ( Fig. 3 and Table 2) .
Surprisingly, sqz GAL4 (n = 34) and sqz GAL4 /sqz lacZ (n = 25) mutant larvae had normal levels of LK expression in the LHLK cells. Moreover, ectopic LK-positive cells with shape, location, and axonal projections similar to those of the LHLK neuron, were found in 8.8% and 6.2% of sqz GAL4 and sqz GAL4 /sqz lacZ larval brain lobes, respectively ( Fig. 1D and E; Table 1 ). These ectopic cells also expressed Ap and the sqz reporter ( Fig. 2C-E ). In contrast, LK-immunoreactivity in sqz GAL4 and sqz GAL4 /sqz lacZ mutant larvae was reduced in most SELK cells, and completely absent from 29.2% of SELK neurons ( Fig. 1D and E; Table 1 ). The ALK and ABLK neurons displayed normal LK-immunoreactivity in sqz GAL4 and sqz GAL4 / sqz lacZ mutants. The striking difference in the phenotype of LHLK neurons in sqz GAL4 and sqz lacZ mutants prompted us to investigate the molecular nature of these two sqz alleles by Real Time RT-PCR. Although, the sqz GAL4 allele was obtained from sqz lacZ by P-element replacement (Allan et al., 2003) , the amount of sqz transcript in the two alleles was dramatically different. While sqz mRNA levels in sqz lacZ third instar mutants were reduced to almost undetectable levels (0.007-fold that of controls), sqz GAL4 mutant larvae had detectable, although reduced levels of mRNA (0.243-fold that of controls). These results are consistent with our previous finding that sqz lacZ mutants have a much more severe LK phenotype than do sqz GAL4 mutant larvae. To further demonstrate the requirement of sqz for LK expression we attempted to rescue the sqz lacZ LK-phenotype by expressing a UAS:sqz transgene under the postmitotic driver elav GAL4 . Normal LK expression was completely restored in LHLK neurons (96% rescue) with the elav GAL4 driver, but only partially rescued (51%) in SELK neurons ( Fig. 4A and Table 3 ). Thus, postmitotic expression of sqz is sufficient to restore LK expression, although higher, or earlier, Sqz expression may be required for total LK rescue in SELK cells.
The LHLK and SELK neurons are both located within large groups of sqz-expressing cells (Fig. 2 ). This location, and the lack of sqz-independent markers with which to label these cells specifically, prevented us from establishing whether these cells are present in sqz mutants. However, two sets of observations support the hypothesis that sqz is not necessary for the birth of these neurons. First, LK expression was totally or partially restored by postmitotic expression of sqz ( Fig. 4A and Table 3 ), and second, LK expression in sqz lacZ mutants was gradually lost during larval development in the LHLK and SELK neurons ( Fig. 3 and Table 2 ).
These results demonstrate that sqz is necessary for normal LK expression in a subpopulation of the LK-expressing neurons, i.e., the LHLK and SELK neurons. Similarly, we have previously shown that ap controls LK levels in the LHLK neurons, but not in other LK-expressing cells (Herrero et al., 2003) . Thus, LK expression is regulated in a cell-type-specific fashion that involves regulation by ap and sqz in the LHLK cells, regulation by sqz but not ap in the SELK cells, and regulation by factors other than ap and sqz in the ABLK and ALK neurons.
2.3. When over-expressed, Apterous and Squeeze can substitute for each other to partially restore LK expression LK expression in the LHLK cells is regulated by at least two transcription factors, ap and sqz. These factors act in a combinatorial manner to drive FMRFamide expression in Tv cells (Allan et al., 2003 (Allan et al., , 2005 . We wished to establish whether ap and sqz act in a combinatorial, hierarchical or independent fashion to regulate LK transcription in LHLK Table 4 ). The sqz lacZ allele was epistatic over every ap allele tested, yielding an almost complete loss of LK-immunoreactivity in the LHLK and the SELK neurons (irrespective of the ap allele) (Table 4 ). However, we were able to obtain information from double mutants carrying the sqz GAL4 allele, since LHLK neurons are largely unaffected in single sqz GAL4 mutants, whereas the number of SELKimmunopositive cells is reduced. The phenotype found in these cases (ap UGO35 /ap UGO35 ; sqz GAL4 /sqz GAL4 ) was the result of the addition of the two strongest individual phenotypes: LHLK cells behaved as in ap UGO35 mutants, while the SELK neurons behaved as in sqz GAL4 mutants (Fig. 4D ). We then attempted to rescue LK expression by overexpressing Ap in sqz homozygous mutants and vice versa, using the pan-neural driver elav GAL4 . Surprisingly, we found that, when over-expressed, each transcription factor could substitute for the other, although the degree of rescue obtained differed (Fig. 4B , C, and G; Table 3 ). When Ap was pan-neurally over-expressed in sqz lacZ mutants, normal LK expression was restored in 67% of LHLK cells, while there was no rescue whatsoever in SELK neurons (Fig. 4B and G) . A similar number of LK-immunoreactive LHLK cells was found in ap UGO35 mutants in which Sqz was overexpressed with elav GAL4 (76% rescue, Fig. 4C and G), but the level of expression in the rescued LHLK cells was weaker than in wild type or elav GAL4 ;UAS: ap; sqz lacZ /sqz lacZ larval brains. Moreover, given that ap UGO35 had a weaker LHLK phenotype than does sqz lacZ (Table 1) , we can conclude that the degree of rescue was higher in sqz mutants over-expressing Ap (from 0.06 cells/lobe in sqz mutants to 0.67 cells/lobe in Ap-rescued sqz mutants) than in ap mutants over-expressing Sqz (from 0.34 cells/lobe in ap mutants to 0.76 cells/lobe in Sqz-rescued ap mutants).
Ectopic LK cells can be induced by misexpression of Squeeze but not of Apterous
We previously reported that ectopic expression of Apterous in all neurons does not generate ectopic LK neurons (Herrero et al., 2003) . Hence, Apterous by itself is not sufficient to induce LK expression in cells other than LHLK neuron. To determine whether sqz is able to trigger ectopic LK expression, we over-expressed sqz in an otherwise wild type background (Fig. 5 and Table 5 ). Strikingly, we detected one extra LHLK cell in 8% and 7% of the brain lobes that over-expressed Sqz with elav GAL4 or ap GAL4 , respectively (Fig. 5A ). This extra cell expressed both endogenous ap and sqz (not shown). These ectopic LHLK cells were never observed in larval brains over-expressing Ap, even when two doses of UASap were used (Table 5) .
No other ectopic LK-positive cell was detected when ap GAL4 was used to drive Sqz expression. However, using elav GAL4 we often detected ectopic LK-immunoreactivity in a small brain neuron close to the oesophageal hole, and in ABLK-like abdominal neurons (1-4 extra neurons/hemiganglion) (Figs. 2F, G and 5B; Table 5 ). The extra ABLK-like neurons were often found adjacent to ABLK cells. Except for the extra LHLK cell, none of the ectopic LK cells expressed endogenous ap (Fig. 2F and  I ). The ectopic oesophageal LK neurons did not express sqz (Fig. 2H) , and thus were induced by ectopic Sqz expression, while the ABLK-like neurons expressed endogenous (Fig. 2G) , suggesting that these and the ectopic LHLK cells were probably the result of over-expression, rather than ectopic expression of sqz. These data, and the finding that extra ABLK-like leucokinergic cells were also observed when Sqz was over-expressed in ap-null mutants (Fig. 5C ), indicate that ectopic expression or over-expression of Sqz can induce ectopic LK expression through ap-independent mechanisms. It has been shown that Ap and Sqz can act synergistically to induce ectopic FMRFamide expression (Allan et al., 2003) . However, when Ap and Sqz were coexpressed using either elav GAL4 or ap GAL4 , the number of LK ectopic cells was similar to that obtained in larvae over-expressing Sqz alone (Table 5) . A remarkable exception was the extra LHLK-like cells, which were never found in larval brains coexpressing both transcription factors. These findings, and the observation of the LHLK phenotype in sqz GAL4 mutants, suggest that the relative dose of Sqz and Ap is important in determining LHLK properties (see Section 3).
In order to establish whether either Apterous or Squeeze is needed in previous cellular stages to induce LK expression, we misexpressed these factors with the scabrous GAL4 driver, which initiates expression in stage 8 embryos in all neuroblasts (Mlodzik et al., 1990) . No ectopic expression was observed with early expression of either ap or sqz (sca
GAL4
; UAS:ap (n = 13) and sca
; UAS:sqz (n = 16), Table 5 ), thereby corroborating the postmitotic effect of both factors in LK regulation.
ABLK neurons are the only LK neurons affected by inhibition of retrograde axonal transport
We have shown that, similarly to FMRFamide expression in the Tv cells, LK expression in the LHLK requires both Ap and Sqz. Obviously, since most of the neurons that express both transcription factors do not express LK or FMRFamide, other components must be involved in the specification of their neuropeptidergic identity. In the ). The arrow points to a faintly stained LHLK rescued leucokinergic cell. In this larval brain, 10 ABLK-like cells are found in each abdominal hemiganglion, as depicted in the magnified image (c 0 ). Scale bar = 100 lm in A-C, 50 lm in insets. (Hewes et al., 2003; Allan et al., 2005) . These factors can act either individually to confer specific characteristics of the cell, or in combination to determine the neuropeptidergic identity of the Tv cell (Allan et al., 2005) . Therefore, to determine whether there are specific codes for each LK cell type, we examined whether other genes required for FMRFamide expression in the Tv cells were also involved in specifying LK identity. Dimm has already been shown to regulate LK expression in Drosophila larvae through cell-type-specific mechanisms (Gauthier and Hewes, 2006) , by upregulating Lk transcription in ABLK cells and by post-transcriptionally sustaining high levels of LK expression in LHLK cells.
In Tv cells, dac is required for maintaining high-level FMRF expression, while eya is required in axon pathfinding and BMP signalling (Miguel-Aliaga et al., 2004) . In contrast, we did not find any significant reduction of LK immunoreactivity in dac or eya mutant third instars (Table 6 ). However, a small percentage (3.8%, n = 52) of dac mutant brain lobes showed one ectopic LHLK-like cell (Fig. 6E) .
FMRFamide expression in the Tv neuron is triggered by a retrograde BMP signal, which is initiated by the binding of the extracellular ligand Glass bottom boat (Gbb) to the Wishful thinking (Wit) receptor at the nerve terminal. Activation of the Wit receptor leads to the phosphorylation and subsequent nuclear translocation of Mad. To establish whether LK expression is regulated by extrinsic signals, we studied the presence of phosphorylated Mad (pMad) in the LK neurons. We found that all LK neurons except the LHLK cells were indeed pMad-positive (Fig. 6A-B) . However, although pMad expression in wit mutants (wit B11 /wit A12 ) disappeared in all ventral ganglion neurons (Marqués et al., 2003) and in the SELK and ALK neurons, LK was normally expressed in these neurons (Fig. 6C-D and Table 6 ).
These results demonstrate that the Wit signalling pathway is not involved in the regulation of LK expression in larval Drosophila CNS. However, two BMP signalling pathways have been described in Drosophila: one involves Wit (type-II BMP receptor) and Gbb; the other is mediated by the Baboon (Babo) type I receptor, and its ligand Activin. Babo is expressed in the CNS of Drosophila and has been described as playing a role in axonal remodelling in mushroom bodies (Zheng et al., 2003) . To determine whether this pathway had any role in regulating LK expression, we analyzed LK immunoreactivity in babo mutants, but found no difference from wild type (Fig. 6F and Table 6 ). Thus, BMP signalling does not seem to play a major role in regulating LK neuronal expression.
Finally, we examined whether other, unidentified, extrinsic retrograde signals may still be necessary for LK expression, by blocking anterograde and retrograde axonal transport with a dominant-negative version of the P150/ Glued Dynactin/Dynein motor complex component (UAS:Glued DN ). Flies expressing Glued DN under the elav GAL4 driver did not eclose, but larvae had the normal pattern of LK distribution in the brain and suboesophageal ganglion, and the morphology of the LK cells in these regions was unaffected (Fig. 6G and Table 1 ). However, in the ventral ganglion there was a significant reduction in the number of ABLK cells, from 6.88 ± 0.11 cells/ abdominal hemiganglion in wild type larvae to 5.87 ± 1.44 cells/abdominal hemiganglion in larvae panneurally expressing Glued DN (14.6% reduction, p < 0.01, Student's t-test) ( Fig. 6G and Table 1 ). The number and location of ABLK cells expressing LK varied from just 2 cells to the 7 cells found in wild type abdominal hemiganglia, and leucokinergic varicosities were often visible in the abdominal neuropile of late third instar larvae expressing Glued DN (see inset in Fig. 6G ). This later phenotype was never observed in wild type CNS, which suggests that inhibition of axonal transport may alter the synaptic connectivity of ABLK cells. Thus, these data suggest another class of LK regulation in the ABLK, which may depend on an axonal transport signal and is consistent with these cells being LK neurons that project outside the CNS (see Section 3).
Discussion
Understanding how neuronal diversity is achieved remains one of the central topics in neurobiology. Postmitotic specification of individual neuronal traits requires specific combinations of both intrinsic and extrinsic signalling cascades. However, do neurons from different lineages use similar or different pathways to specify the same phenotypic trait, such as a neurotransmitter? In this report, we have exploited the Drosophila larval leucokinergic neuronal system as a model to address this question from a genetic perspective. Based on neuronal morphology and location, the leucokinergic system consists of four types of neurons, including the ALK and LHLK neurons in the brain, the SELK neurons in the suboesophageal ganglion, and the ABLK neurons in the abdominal ganglion. Although the cell lineage of these neurons has not been specifically studied, their disparate locations indicate that they arise from very different precursors. Our results demonstrate that Sqz is a common factor that controls leucokinergic differentiation, but the requirements for Sqz in different neuronal types differ, and seem to rely on specific factors present in each cell type. 
Three neuronal leucokinergic subpopulations can be described based on the factors that control LK expression
We have previously shown that Ap was required for LK expression only in LHLK cells (Herrero et al., 2003) . Ap is also necessary for proper transcription of the Fmrf gene in the thoracic Tv neurons (Benveniste et al., 1998; Allan et al., 2003 Allan et al., , 2005 . In our attempt to understand the mechanisms underlying leucokinergic differentiation, we asked whether other factors known to control expression of the FMRFamide neuropeptide, i.e., Sqz and the BMP signalling pathway (Allan et al., 2003; Marqués et al., 2003) , affected LK expression. Indeed, we have seen that the number of LK-immunopositive cells is strongly reduced in sqz lacZ mutant larvae. We have previously proposed that Apterous is not necessary for the emergence and maintenance of LHLK cells (Herrero et al., 2003) . Earlier reports have established that the Tv cells are present in sqz mutants, although they do not express Fmrf (Allan et al., 2003) . Are the LK cells present in sqz mutants? We could not directly address this question due to the lack of independent markers for following the fate of the LK cells, but the results presented here indicate that in sqz mutants, leucokinergic cells are born, but fail to express LK. First, LK expression is restored by postmitotic expression of Sqz. Second, LK-immunoreactive cells are detected in sqz mutant brains during early larval stages, and later disappear. Finally, the few LK-expressing cells detected in sqz mutants often show very faint immunostaining, which suggests that reduction of Sqz protein decreases Lk transcription but does not affect cell survival. The reduction in the number of leucokinergic cells in sqz mutants even in first instar larvae indicates that sqz is necessary for induction of LK expression, and the weaker phenotype observed in early larval stages may reflect perdurance of the wild type product supplied by the mother (Perrimon et al., 1996; Tomancak et al., 2002) , or a requirement for sqz also for maintenance of LK expression.
Although all leucokinergic neurons express sqz, they differ in how this transcription factor affects LK expression. In this study, we have identified at least three neuronal types based on the components that regulate LK expression. First, in the LHLK neurons, LK expression is controlled by the transcription factors Ap and Sqz. Second, in the SELK neurons, Sqz, but not Ap, is necessary for wild type Lk transcription. Finally, in the ABLK neurons, Sqz is dispensable for LK expression even though it can induce leucokinergic ABLK-like cells, and LK expression is affected by inhibition of retrograde axonal transport only in the ABLK cells. Regarding the ALK neurons, the number of this cell type is highly variable, and thus was not further analyzed in this study.
By analyzing two different sqz alleles, we have shown that, besides differences in the components that control LK expression, the amount of Sqz protein required to achieve wild type LK expression also varies. Our RealTime PCR analysis indicates that the sqz lacZ allele has undetectable levels of sqz transcripts, while the sqz GAL4 allele has reduced, but measurable sqz transcription. Consistent with these results, sqz lacZ mutant larvae show a large reduction in the number of LHLK and SELK cells detected by anti-LK immunostaining (0.06 and 0.02 cells/ hemineuromere, respectively, compared with 1 and 2.26 cells/hemineuromere in wild type), while sqz GAL4 mutants do not affect LK expression in the LHLK neuron, but do show a significant decrease in the number of LK-immunopositive SELK cells (1.60 cells/hemineuromere). Moreover, restoring neuronal Sqz protein with the elav GAL4 driver can completely rescue LK expression in LHLK neurons in sqz lacZ mutants, but only partially rescue LK in SELK neurons (51% rescue). The differential effect of these two sqz alleles suggests that there is a threshold of Sqz protein below which Lk transcription is prevented, and that this threshold is higher in SELK cells than in LHLK cells.
Sqz and Ap cooperate to control Lk expression in LHLK neurons
We have demonstrated that the reduced LK expression observed in the LHLK cells of sqz mutants is fully rescued when over-expressing the lost protein, indicating that this protein is indeed responsible for the observed phenotype. In addition, our data show that LK expression in these cells does not depend on the Gbb/Wit or Babo/Activin signalling cascades, or any extrinsic retrograde signal. Thus, neuropeptidergic identity of the LHLK neurons is controlled by Ap (Herrero et al., 2003) and Sqz, but not BMP. These cells also express the bHLH transcription factor Dimm, which has been shown to act post-tanscriptionally on the regulation of LK expression in these cells (Hewes et al., 2003; Gauthier and Hewes, 2006) . This combination of factors (i.e., Ap, Sqz, Dimm, but not BMP signalling) is different from any of the known codes that regulate the neuropeptidergic differentiation of the peptidergic neurons in the thoracic ap cluster, which includes the Furin 1-expressing Ap-let cells that do not express Sqz, and the Fmrf-expressing Tv cell, which requires extrinsic signalling through Gbb/Wit (Allan et al., 2005 ).
Our results demonstrate that high levels of either Ap or Sqz protein alone are sufficient to induce LK expression in the LHLK cells. Thus, based on the cross-rescue experiments, we can infer that Sqz can form transcriptionally active complexes with proteins other than Ap to promote Lk expression. Similarly, Ap is able to promote Lk expression when it complexes with proteins other than Sqz. However, wild type levels of LK expression are only achieved when both proteins are present. Allan et al. (2005) showed that Sqz and Ap can physically interact, and that both proteins can form separate complexes with Chip. We have evidence that Chip is involved in Lk regulation, because LK expression in LHLK cells is affected when dLMO, a cofactor that binds Chip and prevents Ap action (Milan et al., 1998) , is expressed in ap-expressing cells (our unpublished results). Thus, Ap and Sqz could weakly activate Lk transcription independently by interacting with Chip and/or other transcription factors, but strong activation would require a synergistic interaction mediated by complexes containing both proteins. A similar mechanism is exerted by Brn2 and Otp to stimulate transcription of the corticotrophin-releasing hormone gene in the neuroendocrine hypothalamic neurons (Burbach et al., 2001) , and by Cdx-2 and Brn-4 to activate expression of the proglucagon gene in pancreatic B-cell lines (Wang et al., 2006) . Gauthier and Hewes (2006) recently reported that Lk transcription in dimm mutants is downregulated in ABLK cells, while LHLK and SELK cells show slightly upregulated Lk transcription but reduced levels of LK peptide. We have found that the ABLK neurons also differ from LHLK and SELK neurons in that Sqz appears to be dispensable for LK expression in these cells. However, neuronal over-expression of Sqz can frequently induce ectopic LK expression in ABLK-like cells in an ap-independent fashion. Likewise, misexpression of the mammalian homeodomain transcription factor Phox2a in the sympathetic ganglion induces ectopic noradrenergic neurons, even though in the absence of Phox2a, sympathetic development is largely normal (reviewed in Goridis and Rohrer, 2002) .
Distinct Lk regulation in ABLK cells
Another peculiarity of the ABLK cells is that LK expression in these cells seems to depend on a retrograde signal, different from BMP, because the number of ABLK LK-expressing cells is reduced when axonal transport is inhibited. Although the degree of reduction is variable, it is indeed highly significant, because as few as two cells can be found when Glued DN is pan-neurally expressed. This variability could be due to partial inhibition of retrograde transport, as suggested by the late pupal lethality of Glued DN -expressing flies, instead of the earlier embryonic lethality of Glued amorphic mutations. In the thoracic apcluster, projection of the Tv cell outside the CNS is essential for its response to Gbb and subsequent Fmrf expression (Allan et al., 2003; Marqués et al., 2003) . Likewise, ABLK cells are known to project outside the CNS (Cantera and Nassel, 1992) , and this may be essential for them to react to an extrinsic signal important for induction and/or maintenance of LK expression. Alternatively, extrinsic signalling may control guidance and/or targeting of ABLK axons, as suggested by the ectopic leucokinergic varicosities found in the abdominal neuropile of Glued DN -expressing ganglia, and proper axonal targeting may be an important factor in the regulation of LK expression. Further experiments will be necessary to test these hypotheses, and rule out a possible deleterious effect of Glued DN on ABLK viability.
Sqz can induce ectopic LK expression
Ectopic leucokinergic cells can only be induced by overexpressing Sqz, but not by Ap. Moreover, ectopic LK neurons can also be classified into three different groups: first, the ectopic LHLK-like cells, which appear to depend on the relative amount of Sqz and Ap (see below); second, the ABLK-like cells, which require high levels of Sqz expression, but not ap expression; and finally, the ectopic brain cells, which are the only leucokinergic ectopic cells generated by ectopic expression of Sqz. These latter cells must have unidentified components present in other leucokinergic cells that enable them to activate Lk transcription when Sqz is present.
We have found that an ectopic LHLK-like cell is present in a small percentage of the sqz GAL4 mutants. Appearance of this ectopic cell requires Ap, because ap is expressed in this cell and its appearance is prevented in the ap UGO35 null allele. In the thoracic ganglion, sqz determines the number and identities of cells of the ap cluster, so that in szq null mutants an extra Dimm and Furin-expressing cell was generated in every ap cluster (Allan et al., 2005) . Our attempt to analyze changes in the number of ap and dimm expressing cells in sqz mutants was precluded by the large number of ap cells surrounding the LHLK cell, and the inconsistent expression of the dimm-GAL4 driver c929 in the LHLK cells, in both wild type and mutant brains (data not shown). However, the results obtained when Sqz and/or Ap were over-expressed in a wild type background suggest a more complex scenario. First, we obtained a phenotype equivalent to that observed in sqz GAL4 mutants, i.e., the appearance of ectopic LHLK-like cells, when Sqz was over-expressed with sqz GAL4 and with the postmitotic apand elav-GAL4 drivers. Moreover, these ectopic LK cells disappeared if Ap was coexpressed with Sqz, even though over-expression of Ap alone had no effect whatsoever on LK expression. Based on these data, and on the different levels of Ap protein in cells surrounding the LHLK neuron (see Fig. 2A ), we hypothesize that the relative dose of Ap and Sqz, rather than the absolute amount of Sqz, is essential for specifying the correct number of LHLK cells with detectable LK, and that this process is controlled postmitotically. According to this model, when Sqz is reduced, those cells with low Ap levels would reach an optimum stoichiometric Sqz/Ap ratio leading to ectopic LK expression, while when Sqz is increased, the correct ratio will be present in cells with high Ap levels. In this last case, further increasing Ap would drive the Sqz/Ap ratio away from the optimum for LK expression, and ectopic cells would not be produced.
Two other situations lead to ectopic leucokinergic LHLK-like cells. First, we have detected a small percentage of ectopic LHLK cells in dac mutants. Because Ap has been shown to repress dac expression in the thoracic Tvb cell (Miguel-Aliaga et al., 2004) , it is possible that repression of dac is required to restrict LK expression to the LHLK neuron. Second, over-expression of the transcription factor Dimm produces ectopic LHLK-like cells (Hewes et al., 2003; , albeit at much higher frequency. Ap also regulates dimm transcription in most cells (Allan et al., 2005) . Thus, Dimm over-expression might overcome the requirement for a Sqz/Ap optimum ratio to induce LK expression, provided additional necessary factors are also present in the cell. More experiments will be needed to understand the role of Dac and Dimm, and their interaction with Ap and Sqz, in regulating LK expression in the LHLK cell.
Deciphering how cells of different origin acquire the same neurosecretory identity is one of the major challenges in neuronal development. Much of the progress in this field has been achieved by studying the vertebrate catecholaminergic system, in which central and peripheral noradrenergic neurons use a similar combination of factors to specify their neurotransmitter phenotype, but they differ in the hierarchical relations between these factors, and recruit components specific to each neuronal type. It is tempting to speculate that analogous mechanisms may control Lk expression in leucokinergic cells in Drosophila. Consistent with this hypothesis, Sqz, and probably Dimm, appear to be regulatory factors for neuropeptidergic identity common to all leucokinergic cells. However, sqz affects LK expression in each cell subclass in very different ways, and cell-type-specific regulatory modes on Lk have also been described for Dimm (Gauthier and Hewes, 2006) . Moreover, additional cell-type-specific factors regulate LK expression in different leucokinergic cells, such as Ap in the LHLK cells, and an unidentified retrograde signal in the ABLK cells. Thus, the leucokinergic neurons comprise a simple, genetically amenable system for understanding how complex regulatory networks confer a similar neurosecretory identity on cells of different origins.
Experimental procedures
Fly strains and cultures
Wild type Canton-S flies were used as control strain in all experiments. We used ap UGO35 as an ap null allele (Cohen et al., 1992) . ap MD544 (referred to as ap
GAL4
, a pGAL4 insertion in the ap locus) (Calleja et al., 1996) and ap rK568 (referred to as ap rK ) (Cohen et al., 1992) are ap hypomorph alleles. l(3)02102 02102 (referred to as sqz lacZ ) and sqz GAL4 are hypomorph alleles (Allan et al., 2003 (Brummel et al., 1999) were used to study the influence of other intrinsic and extrinsic signals on LK expression. Transgenic line UAS:P150-Glued (referred to as UAS:Glued DN ) was used to inhibit axonal transport. All experiments, including those that involved the use of the GAL4/UAS system, were carried out at 25°C.
Immunohistochemistry and confocal images
Immunolabelling was carried out as previously described (Herrero et al., 2003) . Primary antibodies used were rat anti-Apterous (Lungren et al., 1995; 1:200) , mouse anti-b-gal (PROMEGA; 1:150) and rabbit anti-pMad (Tanimoto et al., 2000; 1:500) . For detection of Leucokinin, we used a new aliquot of the rabbit anti-LK IV antibody (Chen et al., 1994; 1:1000) , kindly provided by Dr. J. Veenstra. Under the same experimental conditions, this aliquot showed greater sensitivity than the one previously reported (Herrero et al., 2003) , as demonstrated by the detection of the faint ALK leucokinergic cells, and the fact that the number of LK-immunoreactive cells detected in ap UGO35 mutants was slightly larger than that found by Herrero et al. (2003) .
For confocal imaging we used a Zeiss Meta microscope. Z series were managed using the accompanying software. For optical microscopy we used LEICA Wild MPS52 adapted for use with a Leica digital camera.
Figures were generated using Adobe Photoshop v. 6.
Quantitative real-time PCR (QRT-PCR)
Total RNA was extracted from freshly collected whole third instars using the RNeasy Mini Kit from Qiagen. RNAs were quantified by spectrophotometry and retro-transcribed using the first-strand cDNA synthesis kit from Amersham Biosciences (Piscataway, NJ, USA) following the manufacturer's instructions. Amplifications were performed using the Drosophila ProbeLibrary technology (Exiqon) and analyzed using an ABI PRISM 7700 sequence detection system (Applied Biosystems). All experiments were repeated three times. Thermocycler conditions were: step 1, 50°C for 2 min; step 2, 95°C for 10 min; step 3, 95°C for 15 s; step 4, 60°C for 1 min; cycle back to step 3, 40 times. The primers for sqz were as follows: forward 5 0 -CGAGCAGCAGGAACAGAAGT-3 0 ; reverse, 5 0 -CGCTAGCGCTGCT CATCT-3 0 and ProbeLibrary probe #65. Expression of the ribosomal gene 18S was used as a control for RNA loading and to test integrity. Primer and probes were designed using ProbeFinder software.
